INTRODUCTION
Lipopolysaccharide (LPS) is the main component of the outer leaflet of the outer membrane of Gram-negative bacteria and an important virulence factor in many Gramnegative pathogens. 1, 2 Chemically, LPSs are amphiphilic macromolecules which contain a lipid anchor termed lipid A to which an oligo-or polysaccharide is attached. In Escherichia coli, the biosynthesis of LPS proceeds in a discontinuous fashion, i.e. a tetra-acylated lipid A precursor serves as substrate for the Kdo transferase (WaaA) which catalyzes the transfer of two residues of 3-deoxy-a-D-manno-oct-2-ulopyranosonic acid (Kdo) in (2 ! 4)-linkage to the 6 0 -OH of the lipid A backbone. 1, 3 Following Kdo transfer, lipid A acylation is completed before further sugars are sequentially attached, initiated by the consecutive transfer of two L-glycero-a-D-mannoheptose (Hep) residues, in (1 ! 5)-linkage to the first Kdo by heptosyltransferase I (WaaC) and in (1 ! 3)-linkage to the first Hep by heptosyltransferase II (WaaF). 1 Structural analyses have revealed five different core types in E. coli (R1 to R4 and K-12) and two in Salmonella enterica (R1 and R2). These analyses have shown that a non-stoichiometric substitution with a third Kdo, also in (2 ! 4)-linkage, occurs in LPS of E. coli K-12, E. coli containing an R2 LPS core-type and also in S. enterica. 4 The additional Kdo transferase activity depends on the expression of the waaZ gene which, when overexpressed in E. coli F470 (R1 core type), led to the formation of the Kdo trisaccharide. 5 The fact that this additional enzymatic activity is required for the transfer of a third (2 ! 4)-linked Kdo in E. coli appears to be surprising in the light of the development of multifunctional Kdo transferases during evolution. This may indicate the importance of a third Kdo residue for outer membrane integrity under certain conditions.
The shortest LPS known of wild-type organisms to date is found in Chlamydiae which attach only Kdo residues to their lipid A. WaaA of Chlamydiae are tri-(C. trachomatis, C. pneumoniae) and tetra-functional (C. psittaci) enzymes which, in addition to the transfer of Kdo to the 6 0 -position of the lipid A, generate (2 ! 8)and (2 ! 4)-linkages between Kdo residues. [6] [7] [8] Apart from the tetrasaccharide bisphosphate (TSBP; Fig. 1 
-a-D-GlcpN1P have been isolated from Chlamydiae and recombinant E. coli expressing chlamydial Kdo transferases. [9] [10] [11] [12] The Kdo-(2 ! 8)-Kdo-(2 ! 4)-Kdo trisaccharide is recognized by antibodies specific for (2 ! 8)-linked Kdo residues and this oligosaccharide represents a family-specific epitope. 13 The plasmid-borne expression of a gene fragment of 6 kb obtained from C. trachomatis LGV-434 (pFEN207) in E. coli K-12 led to the synthesis of a truncated LPS population that contained the Chlamydia-specific epitope, in addition to the parental LPS. 14 The authors hypothesized that the cloned DNA fragment contained the gene for a glycosyltransferase of, at that time, unknown specificity which determined the Chlamydiaspecific epitope and that its activity hindered further synthesis of the parent E. coli LPS. Chemical analysis revealed that the expression of that gene fragment led to the formation of a (2 ! 8)-(2 ! 4)-linked Kdo trisaccharide. 15 Thus, the presence of this trisaccharide in the inner core has been postulated to prevent the elongation of LPS. 6 We have now addressed the question whether E. coli WaaC is able to transfer Hep in the presence of a (2 ! 8)-linked Kdo. We have, therefore, expressed this enzyme in E. coli strains in which the original E. coli waaA gene was replaced by that of C. pneumoniae, C. psittaci or C. trachomatis and which had been deprived additionally of their heptosyltransferase I (waaC) and II (waaF) genes. 16 
MATERIALS AND METHODS

Bacterial strains, plasmids and growth conditions
Bacterial strains and plasmids used are listed in Table 1 . The bacteria were cultivated at 37 C for 24 h in 8 l of Luria-Bertani (LB) medium supplemented with 1 mM CaCl 2 and 30 mg/l kanamycin sulfate. Growth medium for strains carrying the plasmid pWSB31 was additionally supplemented with 30 mg/l chloramphenicol.
Preparation of LPS and component analysis
The bacteria were washed once with ethanol, twice with acetone and once with diethyl ether and then dried as described. 16 Lipopolysaccharide was extracted with phenol/chloroform/light petrolether 17 and O-and N-deacylated as published previously. 18 Quantitative analyses for GlcN, Kdo and phosphate were performed as described. 19 
Gel electrophoresis of LPS and Western blot
Lipopolysaccharide preparations were separated by SDS-PAGE following the published protocol 20 and detected either by alkaline silver nitrate 21 or by monoclonal antibodies (mAbs) after blotting on polyvinylidene difluoride membranes. 22 Blotted LPS was stained using antibodies of known specificity: mAb A20, reacting with terminal Kdo residues; 23 mAb S25-23, binding with high specificity to Kdo-(2 ! 8)-Kdo-(2 ! 4)-Kdo; 24 and a polyclonal rabbit antiserum (serum K236), which was obtained after immunization with S. enterica sv. Minnesota R4 LPS (Rd 2 -type LPS; for structure, see Fig. 1 ). 25 
Mass spectrometry
Electrospray ionisation mass spectrometry (ESI-MS) was performed in the negative ion mode using a highresolution Fourier-transform ion cyclotron resonance mass spectrometer (FT-ICR MS; Apex II, Bruker Daltonics, Billerica, MA, USA) equipped with a 7 Tesla actively shielded magnet. Mass spectra were acquired using standard experimental sequences as provided by the manufacturer. Prior to the analysis, the samples were dissolved in a mixture of 2-propanol, water, and triethylamine (50 : 50 : 0.001, v/v/v) at a concentration of 10 ng/ml and sprayed at a flow rate of 2 ml/min. The capillary entrance voltage was set to 3.8 kV and the dry gas temperature to 150 C. Mass spectra were charge deconvoluted and mass numbers given refer to the mono-isotopic peak of the neutral molecules.
High-performance anion-exchange chromatography
High-performance anion-exchange chromatography was performed on a Dionex Chromatography system DX600 equipped with a CarboPak PA1 column (Dionex Corp.). Chromatography was performed using water as solvent A, 1 M NaOAc, pH 6.0 as solvent B and a linear gradient of 1-100% B in 45 min. Runs were monitored using pulsed amperometric detection and recorded using Chromelion chromatography software v.6.0 (Dionex Corp.).
Nuclear magnetic resonance spectroscopy
Nuclear magnetic resonance spectra were recorded on a Bruker DRX Avance spectrometer of a 0.5 ml solution of 3 mg (OS-1) and 4 mg (OS-2) sample dissolved in D 2 O. Measurements were carried out at frequencies of 600 MHz, 150 MHz, and 243 MHz for 1 H, 13 C, and 31 P, respectively. 
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The sample solutions were adjusted to a final concentration of approximately 0.1 M NaOD by addition of 5 ml of 40% NaOD (99.99% deuterated; Merck). Signals were referenced to acetone 2.225 ppm ( 1 H), dioxane 67.4 ppm ( 13 C) and 85% H 3 PO 4 0 ppm ( 31 P). All spectra were recorded at a temperature of 300 K using standard Bruker pulse programs.
RESULTS
Recombinant E. coli strains WBB51, WBB52 and WBB53 were transformed with plasmid pWSB31, harboring the E. coli gene waaC encoding heptosyltransferase I. 16, 20 Lipopolysaccharide was extracted from the parental and the transformed strains and subjected to SDS-PAGE and Western blot analyses ( Fig. 2 ). Lipopolysaccharides of E. coli F515/pUM140 and F515/pFEN207, Re-type mutants expressing plasmid-encoded Kdo transferases from C. psittaci or C. trachomatis, respectively, were used as controls. Lipopolysaccharide of S. enterica sv. Minnesota strain R4 (chemotype Rd 2 ; for structure, see Fig. 1 ) containing a partial structure of the expected LPS was also included. As expected, all LPSs showed a deep-rough phenotype ( Fig. 2A ) and, apart from the S. enterica LPS, reacted in Western blots with the Chlamydia-specific mAb S25-23 ( Fig. 2B ). The co-expression of waaC and waaA of C. pneumoniae, C. psittaci or C. trachomatis Kdo transferases resulted in the synthesis of an LPS that reacted with the antiserum K236 25 (Fig. 2C ), indicating the presence of an Rd 2 -type epitope containing a Hep residue.
Analysis of recombinant LPS by MS
To resolve the full complexity of lipid A bound oligosaccharides synthesized by these strains and obtain a first structural insight into the LPS molecules produced, we analysed O-deacylated LPS in the negative ion mode by ESI FT-ICR MS. Eleven different molecules were identified ( Table 2 ). The composition of LPS of strains WBB51/pWSB31 (WaaA Cpn ) Accordingly, the mass spectrum of O-deacylated LPS from strain WBB52/pWSB31 (Fig. 3B ) which harboured the WaaA Cps contained a prominent peak with a mass of 1832.713 u in agreement with a composition of Kdo 4 HexN 2 P 2 (14 : 0(3-OH) 2 (M11). However, the mass spectrum of this LPS was more complex and indicated the presence of larger amounts of free lipid A (M2) and minor quantities of molecules containing a Kdo mono-, di-or trisaccharide with and without Hep substitution.
Analysis by HPAEC
The retention times of oligosaccharides, which we obtained after complete deacylation of LPS by alkaline hydrolysis in analytical HPAEC, are known for strains WBB51, WBB52 and WBB53 and their structures have been characterized. 16 To achieve a more quantitative analysis of the oligosaccharide structures formed, we performed HPAEC analyses of fully deacylated LPS from these strains with or without co-expression of WaaC (Fig. 4) . Lipopolysaccharides of E. coli WBB51 and WBB53 were composed of PSBP 2.8/2.4 , and TSBP whereas WBB52 mainly contained HSBP, only small amounts of the two PSBP and almost no TSBP, in agreement with our earlier results. 16 However, upon co-expression of E. coli WaaC, the composition changed and the effect was different in each strain. Two novel oligosaccharides of unknown structure [retention times 15.6 min and 19.3 min, oligosaccharides 1 (OS-1) and 2 (OS-2), respectively] were formed and OS-1 was the main component of E. coli WBB51 (WaaA Cpn ) LPS. Only a very small amount of the PSBP remained. Similar changes occurred in E. coli WBB53 (WaaA Ctr ) where OS-1 was also the main component, but small amounts of OS-2 and TSBP were made in addition to some larger amounts of PSBP 2.8/2.4 . By contrast, in E. coli WBB52 (WaaA Cps ) only small amounts of OS-1 and OS-2 were present whereas the yields of HSBP and PSBP remained nearly the same. Two unknown components with a retention time of 12.1 min and 23.7 min were also present which could not be obtained in sufficient amounts for structural analyses. The two unknown compounds OS-1 and OS-2 were isolated and structurally analysed by NMR.
Structural analysis of OS-1 and OS-2
The deacylated oligosaccharides with HPAEC retention times of 15.6 min (OS-1) and 19.3 min (OS-2) were isolated by semipreparative HPAEC and their structures elucidated by one-dimensional 1 H-and 31 P-, and two-dimensional homo-( 1 H, 1 H-DQF-COSY, 1 H, 1 H-NOESY) and heteronuclear ( 1 H, 13 C-HMQC, 1 H, 13 C-HMBC, 1 H, 31 P-HMQC) NMR spectroscopy. Assignment of all proton-connected 13 C-, and all 1 H-signals (Table 3 ) revealed that the carbohydrate structure of OS-1 consisted of two Kdo-, two GlcpNresidues and one residue of Hep. The resonance frequencies, 3 J H-1,H-2 vicinal coupling constants and NOE connectivities to intraresidual protons of signals originating from the anomeric protons of GlcpNresidues revealed that one was a-(3.3 Hz) and the other was b-configured (8.4 Hz). An NOE from proton B1 to protons A6a and A6b indicated their (1 ! 6)-linkage, and these residues thus represented the lipid A backbone. The a-configuration of Hep was evident from chemical shifts and NOE analysis. The 1 H-spectra contained two pairs of deoxy-protons near 2 ppm with a characteristic shift of a-pyranosidic Kdo residues (residues C and D). The characteristic NOE between protons C3e and D6 proved that these Kdo residues were (2 ! 4)-connected. 26 This substitution also led to a b-shift of the C-5 carbon whereas carbon 4 resonated at lower field in comparison to Kdo without substituent at this position. 26 The additional Hep (residue F) was connected to position 5 of Kdo residue C since the observed inter-residual NOE contacts between these residues are characteristic of this linkage (F1 to C5 and C7 and C3a to F5, spectra not shown).
Two phosphate groups were identified by 31 P-NMR spectroscopy and the 31 P, 1 H-HSQC spectrum (not shown) revealed that they were located at positions A1 ( 2.76 ppm) and B4 ( 4.00 ppm) and thus belonged to the lipid A backbone.
Analyses by NMR spectroscopy revealed that OS-2 had the same partial structure as OS-1 but contained an additional Kdo residue, evident from an additional pair of resonances around 2 ppm originating from deoxy protons (Fig. 5 ). Because Kdo lacks an anomeric proton, the substitution pattern cannot be identified by a direct inter-residual NOE across the glycosidic linkage. 
Residue
Chemical shift in ppm of nucleus Figure 7 for assignment of residues. Hep, L-glycero-a-D-manno-heptose; nd, not determined.
A 1 H, 13 C-HMBC spectrum of OS-2 contained cross-correlation signals between C-2 of Kdo residues and intraresidual deoxy protons. However, further cross-correlation signals to protons across glycosidic linkages were not observed, apart from a signal between the anomeric proton of Hep and C-5 of Kdo (C), corroborating this substitution. The linkage position of the Kdo could, nevertheless, be determined by chemical shift analysis. It has been described previously that the substitution of Kdo at the C-8-position by Kdo leads to an upfield shift of resonance frequencies of protons H-8a and H-8b and a downfield shift of H-7. 26 Both have been observed for OS-2 ( Table 3 , Fig. 6 ). Further indirect evidence was the lack of an NOE between H-6 of the terminal Kdo (E) and H-3e of the substituted Kdo, which is usually observed in case of a (2 ! 4)-linked Kdo disaccharide. 26 Taken together, the chemical shift data and NOE contacts revealed that the carbohydrate structure of the hexasaccharide OS-2 from E. coli WBB52/pWSB31 was 6) -a-GlcpN1P whereas in the pentasaccharide OS-1 the terminal Kdo-residue was missing ( Fig. 7) , in agreement with a shorter retention time in analytical HPAEC.
DISCUSSION
Nano and Caldwell 14 observed upon cloning of a chlamydial gene bank into E. coli K-12 that an LPS was synthesized which was significantly smaller in size than the parent LPS and which reacted in Western blots with Chlamydia-specific LPS antibodies. They suspected that they had identified a gene putatively coding for a glycosyltransferase of unknown specificity that attached a substituent to the biosynthetically growing LPS which did not allow the completion of LPS biosynthesis and thus resulted in a truncated LPS molecule. 14 The putative glycosyltransferase was then cloned into the heptose-less mutants (Re-mutants) S. enterica sv. Minnesota R595 and E. coli F515 where it resulted in an LPS of increased size that was also stained in blots with Chlamydia-specific LPS antibodies. Chemical analyses revealed the presence of a Kdo-(2 ! 8)-Kdo-(2 ! 4)-Kdo trisaccharide. 15 Later, it was shown by independent groups that the glycosyltransferase was a trifunctional Kdo transferase which generated the family-specific epitope of chlamydial LPS. 6, 15 Therefore, the objective of this study was to examine the effect of expression of heptosyltransferase I (WaaC) of E. coli on LPS biosynthesis in deep-rough mutant strains of E. coli which express chlamydial Kdo transferases. Chlamydial LPS consists only of a lipid A and, depending on the species, three or four Kdo residues. Genome sequencing revealed that gene equivalents of heptosyltransferases or other enzymes involved in LPS core biosynthesis are missing in C. trachomatis and C. pneumoniae. 27 In this study, Kdo transferases (waaA) of three different species of Chlamydia and Chlamydophila were co-expressed with heptosyltransferase I (waaC) of E. coli in a heptosyltransferase-deficient background (ÁwaaCF). While in E. coli strains WBB51 (WaaA Cpn ), WBB52 (WaaA Cps ) and WBB53 (WaaA Ctr ) the E. coli Kdo transferase genes have been replaced in the chromosome by chlamydial waaA, 16 the waaC gene was expressed from plasmid pWSB31 of medium copy number. 20 Co-expression of waaA Ctr or waaA Cpn with waaC gave similar results and an Rd 2 -type LPS containing a (2 ! 4)-linked Kdo disaccharide substituted with one Hep residue was identified as the predominant fraction (Figs 3 and 4 ). Both strains also made the chlamydial trisaccharide Kdo-(2 ! 8)-Kdo-(2 ! 4)-Kdo part of which was modified by a Hep substitution (OS-2, HPAEC retention time of 19.3 min). In the presence of WaaA Cps , a different result was obtained and the main LPS fraction contained parental LPS oligosaccharides, i.e. the Kdo tetrasaccharide and Kdo trisaccharides, whereas only small amounts of Hepmodified LPS could be detected. Nevertheless, mass spectrometry indicated the formation of lipid A bound Kdo mono-, di-, and trisaccharides modified by Hep ( Table 2 , Fig. 3 ).
From these results the following conclusions can be drawn: (i) WaaC does not transfer Hep to Kdo-(2 ! 4)-Kdo-(2 ! 4)-Kdo; (ii) Hep is transferred to Kdo-(2 ! 4)-Kdo or Kdo-(2 ! 8)-Kdo-(2 ! 4)-Kdo; (iii) differences in LPS structures resulting from co-expression of WaaC with WaaA Cpn , WaaA Ctr or WaaA Cps indicate that the activity of heptosyltransferase I is influenced by the Kdo transferase or vice versa. As the main difference, Kdo transferase of C. psittaci (WaaA Cps ) synthesizes large amounts of HSBP. 16 Whereas WaaA Cpn and WaaA Ctr were not known of being able to catalyze the formation of HSBP, we have observed the formation of small amounts of LPS containing a Kdo tetrasaccharide in strains expressing these Kdo transferases (Fig. 3 , Table 2 ). Apparently, the HSBP cannot be further modified by WaaC since neither MS nor HPAEC analyses detected Hep-modified HSBP. Since also no PSBP 2.4/2.4 modified by Hep could be identified this is likely due to the PSBP 2.4/2.4 substructure.
So far, the mechanism of Kdo and heptosyltransferases remains enigmatic since no structural data are available. However, the size of Kdo transferases and considering that they are embedded into the membrane makes it unlikely that they possess more than one active site, despite the fact that they are multifunctional and able to transfer Kdo to very different acceptor molecules. Whether these multifunctional enzymes release their substrates during catalysis or whether the substrate remains bound and positional changes lead to different reactions is unclear. It is tempting to speculate that this flexibility is achieved by a comparably flat surface of the active site or larger structural adaptations during catalysis. In support of the former, our results indicate that WaaC gains access to the substrate before WaaA has completed its activities. The predominant formation of Rd 2 -type LPS (see Fig. 1 for structure) containing only two Kdo residues by WaaA Ctr and WaaA Cpn which are otherwise trifunctional enzymes generating also the third (2 ! 8)linked Kdo, can be explained if the substrate is released after the addition of the second Kdo residue and WaaC uses this product as acceptor for the transfer of Hep. Alternatively, WaaC may form a complex with, or is in close proximity to, WaaA transferring Hep on the WaaA bound acceptor. This may then lead to a slowed transfer of the third Kdo residue in (2 ! 8)-linkage. However, there seems to be a mechanistic difference of catalysis for WaaA Cps , since the parental LPS structures are made in the same proportion in the presence or absence of WaaC. Despite the fact that small amounts of Hep modified TSBP (OS-1) and PSBP 2.8/2.4 (OS-2) are formed, the synthesis of HSBP did not seem to be affected and Hep modified HSBP was not present. This may suggest that the formation of PSBP 2.4/2.4 occurs more rapidly in this enzyme. K m values of WaaC (7 mM for Re-LPS and ADP-heptose) 28 and WaaA (52 mM for the lipid A acceptor and 88 mM for CMP-Kdo) 6 indicate that WaaC might be able to compete successfully for the acceptor if the substrate is released from the enzyme. For chlamydial Kdo transferases, however, no kinetic data are available. Nevertheless, mass spectrometry revealed the formation of lipid A bound Kdo mono-, di-, and trisaccharides modified by Hep (Table 2, Fig. 3) .
In E. coli K-12 and R2 LPS core types and in S. enterica, the inner core contains a non-stoichiometrical addition of a third Kdo residue which is attached in a (2 ! 4)-linkage to the second Kdo. 4 We have thus expected the formation of a Hep modified Kdo-(2 ! 4)-Kdo-(2 ! 4)-Kdo trisaccharide in the recombinant strains. However, NMR spectroscopy revealed that this was not the case and instead it was the chlamydial Kdo-(2 ! 8)-Kdo-(2 ! 4)-Kdo trisaccharide which was modified with Hep. According to present knowledge, the Kdo transferase of E. coli is a bifunctional enzyme which has never been observed to transfer three Kdo residues. 6, 29 Thus, in mutant strains which contain only Kdo in addition to lipid A (Re-mutants) no third Kdo residue has ever been found. From these data, it appears that the addition of the third Kdo takes place only after LPS core biosynthesis proceeded further, which is surprising given the development of multifunctional Kdo transferases during evolution. According to our data, WaaC is unable to transfer Hep onto a Kdo-(2 ! 4)-Kdo-(2 ! 4)-Kdo trisaccharide providing a possible explanation. Thus, for the transfer of the third Kdo residue, an additional enzymatic activity is necessary acting at a later stage during LPS biosynthesis; it has been shown that overexpression of the waaZ gene in E. coli F470 (R1 core type) resulted in the formation of LPS containing three Kdo which was accompanied by a truncation of the outer core oligosaccharide. 5 The same was observed in oligosaccharides of E. coli K-12 LPS containing three Kdo. 29 The fact that some bacteria kept or developed this enzymatic activity may indicate that the ability to form LPS which contains three Kdo residues is either important for the generation of a functioning outer membrane or may serve as a regulatory mechanism controlling the size of LPS, i.e. the attachment of an O-polysaccharide, by altering the acceptor structure.
